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Abstract 
The four-step travel demand model (FSTDM) is the most widely used technique in practice for estimating traffic flow pattern 
in the transportation network. Traffic assignment problem (TAP) is a key step of the four-step process that determines the 
flow pattern which forms the basis for scenario analysis of a transportation improvement project. In many cases, different 
scenarios may differ by little, but FSTDM may lead to network flows which differ significantly or suggest improvements 
which are inconsistent with the network situation. This inconsistency arises due to solution noise. There are two main sources 
of this noise; first, the interdependency between the trip distribution and trip assignment steps of FSTDM, and second, the 
lower level of convergence in the traffic assignment step. This paper presents a methodology to address the aforementioned 
two issues by a post-processing technique incorporated through a feedback mechanism in the FSTDM. The post-processing 
technique consists of SMPA-hybrid, perturbation assignment and Origin-Destination (O-D) prioritization schemes.  SMPA-
hybrid is an improved implementation of traffic assignment algorithm labeled slope-based multi-path algorithm (SMPA) 
developed by Kumar and Peeta (2010). There are three methodological contributions of this paper. First, the paper presents an 
enhanced travel demand modeling framework, second, it formulates a hybrid approach by combining the merits of sequential 
approach and simultaneous approach of solution algorithms for the TAP, and third, it provides a methodology for the O-D 
prioritization in TAP. The results of computational experiments suggest that the SMPA-hybrid has a superior rate of 
convergence compared to the SMPA. The results further reveal that a warm start using perturbation assignment and O-D 
prioritization has significant benefits over the base case of cold start and non-prioritized implementation of the SMPA-hybrid. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of International Scientific Committee. 
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1. Introduction 
Travel demand modeling (TDM) lies at the core of the transportation systems evaluation process. It provides 
the basis for predicting the need for transportation system improvements and forms the basis for quantifying the 
costs and benefits of the alternatives of improvements (Sinha and Labi, 2007). The four-step sequential travel 
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demand model (FSTDM) is the most widely used technique in practice; it consists of trip generation, trip 
distribution, mode choice, and traffic assignment. Traffic assignment problem (TAP) is a key step of the four-step 
process. It determines the estimated traffic flow pattern in the transportation network, and identifies the volumes 
and levels of service on the various highways/streets. Generally, the TAP is solved using the principle of user 
. This principle assumes that network users 
seek to minimize their individual travel times, which is behaviorally realistic and is hence mostly used in practice. 
Field studies (Goldfarb and Spielberg, 2005; VHB, 2006) have shown that the UE assignment has lower 
errors, on average, when compared to the heuristic assignment methods such as capacity restraint, incremental 
assignment, all-or-nothing etc. (for details see Sheffi, 1985). The Frank-Wolfe (F-W) algorithm (Frank and 
Wolfe, 1956) is most commonly used algorithm for solving the user equilibrium traffic assignment problem 
(UETAP) in practice due to its simplicity of execution. 
The TDM solution forms the basis for impact analysis of a transportation improvement project and helps in 
comparing the different alternatives. In many cases, different alternatives may differ by little, but sequential four-
step method may lead to network flows which differ significantly or suggest improvements which are inconsistent 
with the network situation. This inconsistency in FSTDM solution arises due to solution noise. There are two 
main sources of this noise; first, the interdependency between the trip distribution and trip assignment steps, and 
second, the lower level of convergence in the traffic assignment step (Boyce et al., 2004). The origin-destination 
(O-D) demand acts as input to the traffic assignment (fourth step) but the O-D demand is obtained after the 
second step (trip distribution) that takes travel time (or cost) as the input which is obtained after the fourth step. 
This necessitates a feedback loop going from the fourth step to the second step as shown in Fig 1. The literature in 
this domain provides several studies on it (Carroll and Bevis, 1957; Boyce et al., 1994; Comsis Corporation, 
1996; Boyce et al., 2008). 
 
Trip generation
(How many trips? Ti )
Trip distribution
(Where do they go? Tij)
Mode choice
(By what mode? Tijm)
Traffic assignment
(By what route? Tijmk )
Need for feedback loop
 
Fig. 1. Conventional four-step travel demand modeling process 
This paper presents a methodology which seeks to address the aforementioned problem of solution noise using 
a post-processing technique incorporated through a feedback mechanism in the FSTDM. The core of the 
technique consists of an improved version of traffic assignment algorithm labeled slope-based multi-path 
algorithm or SMPA developed by Kumar and Peeta (2010). The improved implementation of the SMPA, labeled 
the SMPA-hybrid, has been developed in this study to foster faster convergence and to avoid order bias in path set 
update process of TAP solution procedure. The SMPA-hybrid can be used as a post-processer as well as an 
independent traffic assignment algorithm. The differences between SMPA and SMPA-hybrid along with the 
details of their implementations are presented later in Section 2 of the paper. In addition to the SMPA-hybrid, the 
post-processing technique consists of perturbation assignment and O-D prioritization schemes. The perturbation 
assignment provides a warm start and the O-D prioritization improves the rate of convergence by determining the 
sequence in which the O-D pairs are brought into the flow update process. 
There are three methodological contributions of this paper. First, the study presents an enhanced TDM 
framework by incorporating a post-processing technique through a feedback loop. Second, it formulates a hybrid 
approach by combining the merits of sequential approach and simultaneous approach of solution algorithms for 
the user equilibrium traffic assignment problem (UETAP). In the sequential approach, the three steps namely path 
set update, equilibration of paths by flow shifts and link flow updates are performed for one O-D pair at a time in 
some sequence. By contrast, in simultaneous approach these three steps are performed for all O-D pairs 
simultaneously. In the proposed hybrid approach, the shortest paths are generated and sets of paths are updated 
for all O-D pairs simultaneously. Then, the paths for each O-D pair are equilibrated and flows are updated based 
on the sequential approach. These techniques are discussed in more detail along with the implementation 
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procedure for the SMPA-hybrid in Section 2. Due to faster convergence per iteration, the sequential O-D 
equilibration technique is adopted in many path-based UETAP algorithms (Dafermos 1968; Larson and 
Patriksson, 1992; Jayakrishnan et al., 1994; Florian et al., 2009; Kumar and Peeta, 2010; Kumar and Peeta, 2011). 
In sequential O-D equilibration techniques, the order in which the O-D pairs are brought into the flow update 
process has significant impact on the rate of convergence as illustrated by the computational experiments in 
section 4 of this paper. As the third methodological contribution, this paper develops a methodology for the O-D 
prioritization technique, and three criteria for O-D prioritization are proposed and tested for the SMPA-hybrid 
using a real-sized network. In addition, an implementation procedure is developed for the perturbation assignment 
to facilitate a warm start for the feedback loop in the FSTDM. 
The rest of the paper is organized as follows. Section 2 presents the details of the proposed methodology of the 
post processing technique. Then, the practical aspects of the proposed technique are discussed in Section 3. 
Section 4 illustrates the results of the computational experiments along with the insights from those experiments. 
Finally, some concluding comments are presented in Section 5. 
2. Proposed Methodology 
This section presents the details of the proposed methodology for the post-processing technique. First, the 
framework for enhanced travel demand modeling and the implementation steps of post-processing technique are 
presented. Then, the details of the three components of this technique namely, SMPA-hybrid, perturbation 
assignment and O-D prioritization are presented. 
2.1. Conceptual Framework of the Enhanced FSTDM 
The logic of the proposed methodology is illustrated by the conceptual flow chart in Fig 2. As depicted by this 
flow chart, the enhanced FSTDM starts with network topology and link performance functions as the inputs, and 
four steps namely trip generation, trip distribution, modal split and traffic assignment are carried out sequentially 
as iteration 1. Then, the results of the traffic assignment in terms of paths and path flows are used by the post-
processing module to obtain a highly converged solution. A highly converged solution corresponds to the 
convergence level where solution noise becomes negligible (Boyce et al., 2004). The link flows and the link costs 
are then determined corresponding to the highly converged solution. These link costs are input to the trip 
distribution step using a feedback loop, and this triggers the start of the next iteration. Using these new link costs, 
a new trip matrix (O-D demand matrix) is generated by the trip distribution step, and then the modal choice 
(mode split) is performed as the next step. But, from here onwards the fourth step, trip assignment, is skipped, 
and network flows are obtained using the post-processing module using the path flows from the previous iteration 
and the new trip matrix. The feedback loop involving the post-processing technique stops when the average 
absolute percentage change in the link flows becomes less than a pre-specified threshold value. 
The sequence of the steps followed in the post-processing technique is illustrated by the implementation flow 
chart in Fig 3. Before providing the details of the post-processing step, it is imperative to mention the limitation 
of this technique. This module works only with the UETAP algorithms that can provide solutions in terms of path 
flows. There are basically three classes of traffic assignment algorithms. The algorithms which operate in the 
space of link flows and discard the path information are labeled as link-based algorithms (Frank and Wolfe, 
1956; Meyer, 1974; Fukushima, 1984; Weintraub et al., 1985; LeBlanc et al. 1985; Florian et al., 1987). The 
algorithms that operate in the space of path flows and retain the path information are labeled as path-based 
algorithms (Dafermos, 1968; Larson and Patriksson, 1992; Jayakrishnan et al., 1994; Florian et al., 2009; Kumar 
and Peeta, 2010; Kumar and Peeta, 2011). The third class of solution algorithms is in-between link-based and 
path-based algorithms and operates in the solution space of origin-based flows and is labeled origin-based 
algorithms (Nie, 2010). As illustrated by Fig 3, the proposed post-processing methodology takes paths and path 
flows as the input and hence will not work if paths and path flows are not available, as is the case for link-based 
traffic assignment algorithms. As shown in Fig 3, there are three components for the post-processing technique: 
perturbation assignment, O-D prioritization, and the SMPA-hybrid. The perturbation assignment takes the 
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solution from the previous iteration of the feedback loop and provides the estimated flow pattern (path flows) for 
the new trip matrix. The SMPA-hybrid uses these estimated path flows as input for the warm start and generates 
a highly converged solution. As discussed hereafter, the SMPA-hybrid uses the sequential O-D equilibration in 
which the O-D pairs are equilibrated one at a time in some sequence. The optimal O-D prioritization criterion 
decides this sequence. The optimal O-D prioritization criterion needs to be determined as a pre-processing step 
before implementing the proposed enhanced FSTDM.  The SMPA-hybrid is the most important component of the 
post-processing technique and is developed by modifying the path set update process of the SMPA. Hence, a 
brief review of the SMPA and the SMPA-hybrid algorithms are provided first, and then the details of 
perturbation assignment and O-D prioritization are presented. 
 
Trip generation
Trip distribution
Start
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performance functions
Stop
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Convergence 
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Fig. 2. Conceptual flow chart of the post-processing technique using a feedback loop 
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Fig. 3. Implementation flow chart of the post-processing technique 
2.2. Review of the SMPA  
The SMPA operates in the space of path flows and uses a sequential decomposition based O-D equilibration 
scheme. Based on this, the three key steps of the SMPA including the path set update, the equilibration of paths 
by shifting path flows, and finally the link flow update resulting from the path flow changes, are performed for 
one O-D pair at a time in sequential order (for details, see Kumar and Peeta, 2010). There are two important 
aspects of the flow update mechanism of this algorithm: (i) it obviates the need for a line search in each iteration, 
and (ii) it uses the sensitivity of path costs relative to flow, referred to as slopes, in the equilibration process. The 
SMPA consists of an inner loop which seeks the equilibration of an O-D pair iteratively and an outer loop that 
sequentially moves from one O-D pair to the next once an O-D pair is equilibrated. The termination criterion is 
checked after all O-D pairs are visited. The SMPA adopts the termination criteria in terms of normalized gap 
(Ngap) or average excess cost (for details on Ngap, see Rose et al., 1988). A termination criterion is satisfied 
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when the Ngap becomes less than the predetermined threshold ( ). At each iteration of the inner loop, the SMPA 
equilibrates all paths in the path set for an O-D pair simultaneously. The paths in the set are divided into two 
subsets: the cheaper path set (L) having travel cost lesser than the average travel cost for the O-D pair and the 
costlier path set (H) having cost greater than the average travel cost for the O-D pair. Then, flows are shifted 
from the set of costlier paths to the set of cheaper paths so that their costs are brought towards the average cost. In 
this flow update process, both path costs and the slopes of cost functions are utilized. The steps of the SMPA 
algorithm are as follows: 
Step 1: Initialize the network using an all-or-nothing (AON) assignment or a warm start. Update the link flows, 
link costs, slopes of cost functions, and path costs. 
Step 2: Check the termination criteria. If termination criteria are satisfied, then stop; the UE solution is the set of 
the path flows and path costs. Else, go to Step 3. 
Step 3: Select the first O-D pair. 
Step 4: Skip this O-D pair if its travel demand is zero. Otherwise, find the average cost (cav) of paths in the 
feasible set (having non-zero flows) for the O-D pair. Then, find the shortest path. If this path is not present in 
the set of feasible paths then include it in the set of feasible paths and update cav. Else, go to Step 5. 
Step 5: Skip this O-D pair if it has only one or no path in the path set. Otherwise, update flows for paths in the set 
H having cost greater than cav using following equations: 
min , ;k avk k
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c c
f f k H
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;k k kf f f k H       (2) 
Where, kf   is flow on path k and ck and sk are its cost and slope of the cost function, respectively. 
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Step 7: Check for the violation of the non-negativity constraint (for details, see Kumar and Peeta, 2010) by the 
paths in the set L. If there are violations, backtrack the infeasible flow vector to the feasible space. 
Step 8: Update link flows, link costs, slopes of the cost functions, and path costs. 
Step 9: If the current O-D pair is equilibrated, go to Step 10. Else, go to Step 4. 
Step 10: If this is the last O-D pair, go to Step 2. Else, select the next O-D pair and go to Step 4. 
2.3. The Need for a Hybrid Approach 
The sequential decomposition-based (one O-D pair at a time) technique helps to achieve faster convergence 
per iteration. However, it also introduces order bias in the solution. In addition, for larger networks, the gain in 
terms of a higher rate of convergence per iteration is traded-off by the computational time required for generating 
the shortest paths and updating the path set based on the sequential approach (Kumar et al., 2012). Hence, a 
hybrid version of the SMPA was developed in which the shortest paths are generated and the set of paths are 
updated for all the O-D pairs simultaneously, and then paths for each O-D pair are equilibrated and flows are 
updated based on the sequential approach. Fig 4 shows the sequence of the steps followed in the implementation 
of the SMPA-hybrid (for implementation flow chart of SMPA see Kumar and Peeta (2010)). This approach 
reduces the order bias in the solution to some extent while reducing the computational time for convergence by a 
significant amount. To implement the SMPA-hybrid, steps 2 and 4 of the SMPA are modified as follows while 
keeping the other steps unchanged: 
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Step 2: Check the termination criteria. If termination criteria are satisfied, then stop; the UE solution is the set of 
the path flows and path costs. Else, update the path sets of all the O-D pairs based on the simultaneous 
approach (see Fig 4) and go to step 3. 
Step 4: Find the average cost (cav) of paths in the feasible set (having non-zero flows) for the O-D pair. 
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Fig. 4. Implementation flow chart of the SMPA-hybrid 
2.4. Perturbation Assignment 
The perturbation assignment is a technique for estimating the approximate solution (flow pattern) for a 
perturbed condition in the network by utilizing the previously available solution for the unperturbed condition. 
The perturbation in our case is the change in the travel demand. The approximate solution from the perturbation 
assignment can be used for initializing the UETAP algorithms using warm start. Kupsizewska and Van Vliet 
(1998) demonstrate the importance of this technique. A warm start using the perturbation assignment technique 
can significantly reduce the computational time for the assignment step in the four-step process involving the 
feedback loop. Hence, an implementation scheme for this technique suitable for a feedback loop is developed in 
this study. Four cases can arise with respect to the change in the O-D demand from one feedback loop to another. 
These cases along with the implementation strategies for the perturbation assignment are summarized in Table 1.  
Table 1: Four cases of perturbation assignment related to change in demand 
Case No. Old O-D demand New O-D demand Implementation strategy 
1 Zero Zero Skip this O-D pair. 
2 Zero Non-zero Assign the entire demand to shortest path. 
3 Non-zero Zero Delete the path set for this O-D pair along with the path flows. 
4 Non-zero Non-zero Compute the flow proportion using the old path flows from the 
previously available solution. Then, find the new path flows. 
617 Amit Kumar and Srinivas Peeta /  Procedia - Social and Behavioral Sciences  104 ( 2013 )  611 – 620 
Case 4 is the most important one from the implementation viewpoint because it requires the computation of 
the flow proportion based on the old path flows using the previously available solution. The new path flows are 
obtained by multiplying the flow proportions with new O-D demand. These steps can be represented as follows: 
rs
rs k
k rs
k
k
f
f
         (ͷ) 
rs rs rs
k k kf          (͸) 
Where, rsk is the flow proportion for path k for the O-D pair r-s, 
rs
kf is the old path flow for path k for the O-D 
pair r-s from the previously available solution corresponding to the old trip matrix and, 
rs
kf is the new estimated 
path flow for path k for the O-D pair r-s. 
2.5. O-D Prioritization 
In general, there are two types of path-based traffic assignment algorithms. The first equilibrates all O-D pairs 
simultaneously, and is labeled an all-at-a-time algorithm. The second type equilibrates different O-D pairs one at 
a time in some sequence, and is termed the one-at-a-time algorithm. The SMPA-hybrid falls under the second 
category. For this kind of an algorithm, the sequence in which different O-D pairs are brought into the 
equilibration process determines the rate of convergence of the algorithm. The aim of O-D prioritization is to 
determine the order which enables the algorithm to achieve faster and stable convergence. Fig 5 shows the steps 
needed to identify the optimal criterion for O-D prioritization. It is important to note here that the best way of O-
D prioritization can be different for different networks and different algorithms. In this study, three criteria are 
analyzed for O-D prioritization. O-D demands with higher values are likely to have a greater impact on traffic 
conditions compared to those with lower ones. Based on this, the first criterion for O-D prioritization can be 
generated as being represented by the ascending or descending order of the O-D demand values. The second is 
the ascending or descending order of free flow travel times. Since O-D demands and travel times can have 
meaningful impacts on the equilibration process, a third criterion is proposed by combining the first two criteria 
by assigning them relative weights. The following steps are used to determine the sequence of equilibration of the 
O-D pairs according to the combined measure of O-D prioritization: 
Step 1: Compute the normalization factor (nf) as: nf  = mean[demand]/ mean[free flow travel time] 
Step 2: Calculate normalized weight (nw) as: nw = nf ×weight  
Step 3: Find the priority index vector as follows: 
   [priority index vector] = [demand vector] +  nw  × [vector of free flow travel time] 
Step 4: Equilibrate the O-D pairs according to the ascending or descending order of the priority index vector. 
The optimal value of weight needs to be calibrated through computational experiments. It is the value that 
leads to the fastest convergence. The optimal value of weight for the combined measure can be different for the 
ascending and the descending orders of the priority index vector. 
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prioritization
Run the algorithms 
without O-D 
prioritization
Run the algorithms with 
different ways of O-D 
prioritization
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convergence rates
Compare the solution 
stability
Select the best way of  
O-D prioritization
StartInput:
Network topology, 
link performance 
functions, O-D 
demand
Stop
 
Fig. 5. Deciding the optimal criterion for O-D prioritization 
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3. Practical Aspects 
The implementation flow chart of SMPA-hybrid (Fig 4) suggests that there may be a violation of the non-
negativity constraint (for constraints of the UETAP formulation, see Sheffi, 1985) by the flows of paths in the 
cheaper set due to the flow shift process. For more details of the formulation for the move direction of the SMPA 
and the violation of non-negativity constraint, see Kumar and Peeta (2010). In this study, a mechanism for 
backtracking has been designed and can be implemented using following steps: 
a. Find the infeasible flow components (negative flows) for paths in the cheaper set using the following 
expression: 
0 if  0
;
( ) if  0
k k
k
k k k k
f f
k L
f f f f
    (7) 
b. Project the infeasible flows to feasible region using max(0, );k kf f f k L  
c. Distribute the sum of the infeasible flow components (negative flows) among the paths in the cheaper set 
having positive flows using the following expression: 
;  | 0uu u k k
k Luu
f
f f u k L f
f
                  (8) 
4. Computational Results 
Computational experiments were performed to test the effectiveness of the post-processing techniques 
proposed in this paper using Borman Corridor network in northwest Indiana, USA. It consists of 197 nodes, 460 
links and 1681 O-D pairs with non-zero demand. All components of the proposed technique were coded in 
MATLAB and computational experiments were carried out using a Dell precision workstation. The convergence 
level for the computational experiments was based on the normalized gap (Ngap), and used a Ngap equal to 10-6. 
The comparison of the performance of the SMPA and the SMPA-hybrid for the test network is shown in Fig 
6. In the figure, the Ngap (in logarithmic scale) is plotted against the CPU time for both SMPA and SMPA-
hybrid. As illustrated, the computational time required by the SMPA-hybrid to reach the convergence is 
significantly less than that required for the SMPA. The savings in computational time can be attributed to the 
more efficient path set update process in the SMPA-hybrid compared to the SMPA. 
The first step in using the proposed post-processing technique is to determine the optimal criterion for O-D 
prioritization. Table 2 shows the various ways of O-D prioritization and compares the performance of the SMPA-
hybrid in terms of the CPU time required to reach convergence under the various criteria of O-D prioritization. It 
illustrates that the ascending order of the combined measure of O-D prioritization is optimal for the test network 
adopted in this study. 
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 Fig. 6. Convergence of SMPA and SMPA-hybrid                            Fig. 7. Benefits of warm start and O-D prioritization 
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Table 2: O-D prioritization criteria and their performance 
S.N. O-D prioritization criteria CPU time (sec) for convergence 
1 No O-D prioritization  49.4 
2 Ascending order of O-D demand  76.3 
3 Descending order of O-D demand  23.8 
4 Ascending order of free flow travel time  21.2 
5 Descending order of free flow travel time  22.4 
6 Ascending order of combined measure of O-D demand and free flow travel time 14.5 
7 Descending order of combined measure of O-D demand and free flow travel time  21.0 
 
To test the relative benefits of warm start, and warm start with O-D prioritization, a new (modified) O-D trip 
matrix is created by changing 10% of randomly selected elements in the trip matrix by 10 percent. The SMPA-
hybrid is executed for the original trip matrix to obtain the solution for base case, and then four implementations 
are done for the modified trip matrix: SMPA-hybrid alone, SMPA-hybrid with optimal O-D prioritization, 
SMPA-hybrid with warm start (using the results of base case: the original O-D trip matrix) and the SMPA-hybrid 
with optimal O-D prioritization and warm start. Based on these implementations, Fig 7 demonstrates the benefits 
of the warm start and O-D prioritization. The O-D prioritized SMPA-hybrid with warm start (labeled SMPA-
hybrid_warm_ODpr) performs better than the SMPA-hybrid with warm start alone (labeled SMPA-
hybrid_warm), which in turn performs better than the O-D prioritized SMPA-hybrid (labeled SMPA-hybrid_ 
ODpr). The O-D prioritized SMPA-hybrid performs better than the SMPA-hybrid alone. The results also 
vindicate the proposition that the optimal criterion for O-D prioritization is unchanged when changes in the O-D 
demands are small. The results further suggest that network flows obtained by implementing the O-D prioritized 
SMPA-hybrid are more stable than an unprioritized implementation, and approach equilibrium at earlier 
iterations leading to smoother and faster convergence. 
5. Concluding Comments 
This study proposes a post-processing technique for the traditional four-step travel demand modeling process. 
There are three components of this technique: an enhanced assignment algorithm labeled the SMPA-hybrid, a 
perturbation assignment, and an O-D prioritization technique. The study formulates an enhanced travel demand 
modeling framework by incorporating the post-post processing technique. The post processing technique is 
implemented through a feedback loop in the four-step travel demand modeling process. The study develops a 
hybrid approach by combining the merits of simultaneous and sequential approaches of UE assignment 
algorithms and is executed in the SMPA developed by Kumar and Peeta (2010). For the assignment algorithms 
using sequential equilibration techniques, the order in which the O-D pairs are brought into the flow update 
process can have a significant impact on the rate of convergence and the solution stability. The study develops an 
implementation methodology for the O-D prioritization technique, and three criteria are proposed for O-D 
prioritization. They are tested on a real-sized network.  In addition to SMPA-hybrid and the O-D prioritization, 
the technique of perturbation assignment is investigated for exploiting the potential of utilizing information from 
previous runs. A detailed implementation procedure for perturbation assignment is developed to facilitate a warm 
start in FSTDM having feedback loop. 
Computational experiments were performed to test the effectiveness of the post-processing technique. They 
suggest that the SMPA-hybrid has a superior rate of convergence compared to the SMPA. They further reveal 
that a warm start using perturbation assignment and O-D prioritization has significant benefits over the base case 
of cold start and non-prioritized implementation of the SMPA-hybrid. These three components of the proposed 
post-processing technique improve the convergence characteristics of the assignment process and provide a 
solution with lesser noise. Thereby, they can increase the reliability of the planning process for practice, and 
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provide mechanisms for practitioners to address the commonly-encountered challenges in the implementation of 
the four-step planning process. 
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